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Saturday, February 2, 2013 3adirectly relating the in vitro physicochemical properties of the mutant enzymes
to the growth rates of bacteria carrying a single chromosomal copy of the
tet(X2) variants over a wide range of minocycline (MCN) concentrations.
Importantly, this model allows the prediction of enzymatic properties directly
from cellular growth rates as well as the physicochemical-fitness landscape of
TetX2. Using experimental evolution and deep sequencing to monitor the
allelic frequencies of the seven most biochemically efficient TetX2 mutants
in 10 independently evolving populations, we showed that the model correctly
predicted the success of the two most beneficial variants tet(X2)T280A and
tet(X2)N371I. The structure of the most efficient variant, TetX2T280A, in complex
with MCN at 2.7 A˚ resolution suggests an indirect effect on enzyme kinetics.
Taken together, these findings support an important role for readily accessible
small steps in protein evolution that can, in turn, greatly increase the fitness of
an organism during natural selection.
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New Directions for Vectorial Protein Folding
Patricia L. Clark.
Department of Chemistry & Biochemistry, University of Notre Dame,
Notre Dame, IN, USA.
In vivo, protein folding typically proceeds vectorially, from one end of the
polypeptide chain to the other. N- to C-terminal vectorial folding occurs during
polypeptide chain synthesis by the ribosome, and transport of unfolded poly-
peptides through the Sec translocon. C- to N-terminal vectorial folding, while
less common, occurs during the maturation of some classes of secreted pro-
teins. For example, members of the autotransporter (AT) family of virulence
proteins from Gram-negative bacteria are first secreted across the bacterial
inner membrane from N- to C-terminus, and then across the outer membrane
from C- to N-terminus. Here we demonstrate that these different folding
vectors significantly alter the folding mechanism for pertactin, an archetypal
AT protein. Moreover, it is now clear that pertactin and other AT proteins
exploit these different folding mechanisms to increase secretion efficiency.
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Nanoscopy with Focused Light
Stefan W. Hell.
Max Planck Institute for Biophysical Chemistry, Goettingen, Germany.
Since the 19th century it has been widely accepted that a light microscope
cannot see details that are finer than half the wavelength of light (>200 nm).
However, in the 1990s it was discovered that this diffraction resolution barrier
can be effectively overcome, such that fluorescent features can be resolved vir-
tually down to molecular dimensions. Here we discuss the simple yet powerful
physical principles that allowed us to break the resolution limit, with special
emphasis on STED and RESOLFT microscopy. We exemplify the relevance
of this ‘optical nanoscopy’ to the neurosciences.1-3
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Structures and Dynamics of the E. Coli FtsZ-Ring and its Associated
Proteins during Cell Division Revealed by Superresolution Imaging
Jackson Buss, Carla Coltharp, Jie Xiao.
Johns Hopkins University, Baltimore, MD, USA.
Cell division is essential for all organisms. In prokaryotes, the FtsZ protein,
a tubulin-like GTPase, plays a central role. FtsZ is highly conserved across
bacterial species and has been identified as a novel drug target for antimicrobial
therapy. In vivo FtsZ assembles into a supramolecular ring-like structure
(Z-ring) at the leading edge of the invaginating membrane. The Z-ring serves
as an essential scaffold to recruit all other division proteins and generates con-
tractile force for cytokinesis. Despite the essential role of the Z-ring in bacterial
cell division, it is not known what the structure of the Z-ring is or how the con-
tractile force is generated.
We employ the newly developed single-molecule-based superresolution imag-
ing technique to characterize the in vivo structure of the cell division apparatus
in E. coli. We discovered that the Z-ring of E. coli adopts a compressed helical
conformation in addition to the expected ring-conformation. The Z-ring is
likely composed of a loose bundle of FtsZ protofilaments that randomly overlap
with each other in both longitudinal and radial directions of the cell. We also
observed the structural dynamics of the Z-ring during cell division and found
that the Z-ring goes through a condensation phase before it finally collapses
toward the end of septum closure . Furthermore, we extend the work into other
cell division proteins that play important roles in maintaining the structural in-
tegrity of the cell division ring. We imaged two Z-ring binding proteins, ZapA
and ZapB, and characterized their influence on the structure of the Z-ring. Our
results provide significant insight into the spatial organization of the bacterial
cell division apparatus and open the door for further investigations of
structure-function relationships and cell cycle-dependent regulation of the
Z-ring.18-Subg
Solving Structure in Situ using Cryo-Electron Tomography and Correla-
tive Methods
John A.G. Briggs.
EMBL, Germany.
Cryo-electron tomography can be used to generate 3D reconstructions of parts
of cells in a close to native state. By applying image processing methods to
these 3D reconstructions it is possible to obtain structures of protein complexes
at a resolution of ~2 nm in situ, within the cell. These methods provide a unique
opportunity to solve the structures of complexes from within cells, and at the
same time obtain contextual information on the cellular environment around
the complexes. I will describe the application of cryo-electron tomography
and sub-tomogram averaging methods to understand the structure and assembly
of coated vesicles and of enveloped viruses.
Correlative light and electron microscopy methods can be used to link struc-
tural information from electron tomography with dynamic information from
fluorescence microscopy. I will describe the application of these methods to
generate a virtual ultrastructural movie of membrane deformation during
clathrin-mediated endocytosis.
Subgroup: Motility
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The Mechanism of Cytoplasmic Dynein Motility
Ahmet Yildiz, Ph.D.
Physics, Univ. California Berkeley, Berkeley, CA, USA.
Cytoplasmic dynein is a homodimeric AAAþmotor that transports a multitude
of cargos towards the microtubule minus end. The mechanism of dynein
processivity and interhead coordination remain unclear due to its large size
(2.6 MDa) and the complexity of its structure. In contrast to kinesins and
myosins, we directly observed that dynein heads move independently along
the microtubule. Stepping behavior of the heads varies as a function of inter-
head separation and establishing the basis of high variability in dynein step
size. By engineering the mechanical and catalytic properties of the dynein
motor domain, we show that a rigid linkage between monomers and dimeriza-
tion between N-terminal tail domains are not essential for processive move-
ment. Instead, dynein processivity minimally requires the linker domain of
one active monomer to be attached to an inert MT tether retaining only the
MT-binding domain. The release of a dynein monomer from the MT can be
mediated either by nucleotide binding or external load. However, nucleotide
dependent release is inhibited when force was applied to the linker domain.
Force dependent release is significantly asymmetric, with faster release
towards the minus-end. On the basis of these measurements, we developed
a model that describes the basis of dynein processivity, directionality and force
generation.
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Path-Finding on the Microtubule
Zeynep Okten.
Technische Universita¨t Mu¨nchen, Germany.
In long-range transport of cargo, prototypical kinesin-1 steps along a single pro-
tofilament on the microtubule, an astonishing behavior given the number of the-
oretically available binding sites on adjacent protofilaments. Using a laser trap
assay, we analyzed the trajectories of several representatives from the kinesin-2
class on freely suspended microtubules, mimicking cargo transport as accu-
rately as possible. In stark contrast to kinesin-1, heterodimeric kinesin-2 motors
from diverse organisms displayed an astounding range of rotational pitches, ex-
panding the list of torque generating kinesins to include processive representa-
tives of the kinesin-2 family. We provide direct evidence that neck region of
kinesin determines the torque generating properties by reversibly manipulating
the properties of the neck of the human kinesin-1 and the heterodimeric
kinesin-2 from sea urchin. Disrupting the stability of the neck by inserting flex-
ible peptide stretches results in pronounced left-handed spiraling. Mimicking
neck stability by crosslinking significantly reduces the spiraling of the motor
up to the point of protofilament tracking.
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Mechanisms of Mechanochemical Coupling in Low and High Duty Ratio
Myosins
Ralph P. Diensthuber, Falk K. Hartmann, Daniela Kathmann,
Katharina Stahl, Manuel H. Taft, Georgios Tsiavaliaris.
Hannover Medical School, Hannover, Germany.
All myosins undergo the same ATP dependent biochemical cycle but with var-
iations in the lifetime of the individual states of the cycle and the fraction of the
total cycle time spent in each state. E.g., processive class-5 myosins are high
duty ratio motors that stay most of the ATPase cycle time (> 0.5) attached
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myosin members have a low duty ratio (< 0.1). The members of the respective
groups are assumed to use different ways to couple conformational
changes at the nucleotide binding regions to changes that occur at the actin
binding sites. Conserved active-site elements termed switch-1 and switch-2
play a major role in the coupling mechanism; however, whether and to which
extent small variations in the sequence of switch-1 and switch-2 affect the duty
ratio of a given myosin, thus determining its ability for processive movement,
fast contractility or tension bearing remains unresolved. Based on structural
considerations and confirmed by mutational analyses, we identified key
residues in the nucleotide binding pocket that are responsible for making
ADP dissociation kinetics dependent on the concentration of free magnesium
ions. The exchange of a single amino acid in switch-2 affected the motor prop-
erties of all myosins tested, but also transformed low duty ratio motors into high
duty ratio and vice versa. In addition, x-ray structural analyses and molecular
modeling allowed us to relate the observed changes to altered coupling between
the active sites and actin binding regions. These results, together with our cell
biological studies demonstrating for the first time that magnesium ions have
a regulatory role on motor protein function in vivo reveal that, switch-2 can
act as magnesium sensor critically determining the mechanochemical proper-
ties of myosins.
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From Single Molecule Fluctuation to Muscle Contraction: A Brownian
Model of A.F. Huxley’s Hypotheses
Toshio Yanagida1,2, Lorenzo Marcucci1, Mitsuhiro Iwaki2.
1University of Osaka, Japan, 2Riken QBiC, Osaka, Japan.
Adaptive force generation of muscle in response to external stimuli is the result
of thermally fluctuating, cyclical interactions between myosin and actin, which
together form the actomyosin complex. Normally, these fluctuations are mod-
elled using transition rate functions that are based on muscle fiber behaviour, in
a phenomenological fashion (Huxley , 1957; Huxley & Simmons, 1971). How-
ever, such a basis reduces the predictive power of these models. As an alterna-
tive, we propose a model which uses direct single molecule observations of
actomyosin fluctuations (Kitamura, et al. Nature 1999, BIOPHYSICS, 2005;
Iwaki et al. Nat. Chem Biol. 2009). We precisely estimate the actomyosin
potential bias and use diffusion theory to obtain a Brownian ratchet model
that reproduces the complete cross-bridge cycle. The model is validated by
simulating several macroscopic experimental conditions, while its interpreta-
tion is compatible with two different force-generating scenarios (Lorenzo &
Yanagida, PloS One, 2012).
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Watching Individual DNA Helicases and Motor Proteins Behaving and
Misbehaving
Stephen Kowalczykowski.
Microbiology, University of California, Davis, Davis, CA, USA.
We can now watch individual proteins acting on single molecules of DNA.
Using these approaches, we have been imaging the translocation of motor pro-
teins, such as the ssDNA translocases and DNA helicases, RecBCD, RecQ, and
Sgs1, and the dsDNA translocases and chromatin-remodeling enzymes, Rad54
and Tid1 proteins.
The RecBCD enzyme comprises two motor subunits: RecB, a 3’/5’ SF1-
helicase, and RecD, a 5’/3’ SF1-helicase. Although the mean unwinding
rate of individual RecBCD enzyme molecules is close to ensemble measure-
ments, the rates of individual enzyme molecules vary widely. Individual
RecBCD molecules unwind DNA at constant rates, suggesting static, not
dynamic, disorder. This apparent conformational heterogeneity is static on
the experimental time scale of DNA unwinding. We discovered that transiently
halting a single enzyme-DNA complex changes the rates of the RecBCD mol-
ecule. We will demonstrate that the behavior of individual RBCD enzymes
manifests a basic tenet of the ergodic hypothesis, suggesting that ligand binding
kinetically traps a single conformer that is capable of redistributing to all other
states within the population of molecules at equilibrium.
Using TIRF microscopy, the helicase activity of RecQ was visualized on single
molecules of DNA using a fluorescent ssDNA sensor. By monitoring the for-
mation and progression of individual unwinding forks, we observe that both
the frequency of initiation and rate of unwinding are highly dependent on
RecQ concentration. We establish that unwinding forks can initiate internally
by melting into dsDNA and can proceed in both directions. The findings sug-
gest that initiation requires a RecQ dimer, and continued unwinding involves
the repeated cooperative action of multiple monomers at the DNA unwinding
fork. We propose a distinctive model wherein RecQ melts dsDNA internally to
initiate unwinding, and subsequently unwinds DNA as a dynamic assembly of
proteins cooperating at the fork.24-Subg
Kinesin-14: A League of their Own
Susan P. Gilbert.
Rensselaer Polytechnic Institute, Troy, NY, USA.
Kinesin-14 represents a subfamily of kinesins that are nonprocessive, promote
microtubule (MT) minus-end-directed force generation, and contain C-terminal
motor domains that are dimerized through an N-terminal coiled-coil. Unlike
the well-known N-terminal motor domain kinesins that use an asymmetric
hand-over-hand mechanism for MT plus-end-directed processive stepping,
Kinesin-14s use a MT minus-end-directed powerstroke to generate force to
crosslink and slide one MT relative to another. While most Kinesin-14s are
homodimers like Drosophila Ncd, S. cerevisiae Kar3Vik1 is a heterodimer.
The C-terminal domain of Vik1 exhibits the structural fold of a kinesin motor
domain, binds MTs independent of Kar3, yet lacks a nucleotide-binding site.
Furthermore, Kar3Vik1 binds across adjacent MT protofilaments, a non-
canonical MT binding configuration. The results indicate that Kar3Vik1 col-
lides with the MT through Vik1, promoting MT binding by Kar3. The tight
binding of Kar3 destabilizes the Vik1 interaction with the MT, positioning
Kar3Vik1 for the start of the powerstroke. Rapid ATP binding to Kar3 is asso-
ciated with the rotation of the coiled-coil stalk, and post-powerstroke ATP
hydrolysis is independent of Vik1 providing additional evidence that Vik1
rotates with the coiled-coil during the powerstroke. Detachment of Kar3Vik1
from the MT completes the cycle and allows the motor to return to its initial
conformation. Supported by NIH GM54141.
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Single Molecule Enzymology
Julio Fernandez.
Columbia University, NY, USA.
We use single molecule force-clamp techniques to study the activity and chem-
ical mechanisms of oxidases and oxidoreductase enzymes. In this approach the
length of an extending protein is measured while the pulling force is actively
kept constant with a feedback loop. Using the force-clamp technique we have
investigated the force-dependency of protein folding, unfolding and of chemical
reactions. For example, using various types of force pulses we can drive a single
substrate protein to well defined extended states and monitor the reduction of its
disulfide bonds by thioredoxin enzymes, with sub-Angstrom resolution (1). By
varying the pulling force on the substrate we can also identify different chemical
mechanisms of reduction. Using maximum likelihood techniques we have
resuscitated ancient thioredoxin enzymes, going back billions of years. We
have studied the activity of our resuscitated enzymes using our single molecule
techniques in an effort to observe the evolution of the chemical mechanisms of
reduction over time(2). Finally, we have used these single molecule techniques
to study the activity of oxidases such as PDI and DsbA, and of glutharedoxin(3).
Our results demonstrate that single molecule force-spectroscopy techniques
provide an entirely novel and powerful approach to study enzymes, at an un-
precedented resolution. These experiments show that force-clamp AFM probes
dynamic rearrangements within an enzyme’s active site, which cannot be re-
solved by any other current structural biological technique. We anticipate that
these studies will be extended to a wide range of other enzymes.
1.Wiita et al, (2007) Probing the chemistry of thioredoxin catalysis with force.
Nature, 450:124-7.
2.Perez-Jimenez, et al, (2011). Single-molecule paleoenzymology probes the
chemistry of resurrected enzymes. Nat Struct Mol Biol, 18(5): 592-596.
3.Kosuri, P et al, (2012). Protein folding drives disulfide formation. Cell, in
press
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Dynamics of the Ribosomal Subunit Interface during TRNA Translocation
at Near-Atomic Resolution
Helmut Grubmuller, PD Dr.
Theoretical and Computational Biophysics Department, Max Planck Institute
for Biophysical Chemistry, Goettingen, Germany.
During protein synthesis, movement of the transfer RNAs during translocation
involves large structural motions of both the ribosome and the tRNAs. In par-
ticular, large scale collective inter-subunit rotations occur. Despite this rotation,
the two ribosomal subunits remain bound during translocation via contact
patches on the surface of the subunits. Combining crystal and cryo-EM struc-
tures with all-atom explicit solvent molecular dynamics simulations, we have
characterised intermediate states and conformational motions of spontaneous
tRNA translocation at near-atomic resolution. Systematic analysis of the dy-
namics of all inter-subunit contact patches suggest mechanisms by which the
subunits communicate, and how the two subunits maintain their fine-tuned
